INTRODUCTION
============

Metastasis, the outgrowth of secondary tumors following the successful colonization of distant organs by malignant cells, is the major cause of cancer death. Metastasis is regarded as a stepwise progression undertaken by transformed cells ([@B69]) that includes complex morphological and functional changes, collectively termed epithelial--mesenchymal transition ([@B102]), as well as the breaching of physical barriers represented by basement membranes and connective tissues ([@B83]; [@B46]), the escape from immune surveillance mechanisms ([@B47]), and the homing and colonization of target organs ([@B69]). To a large extent, cytoskeletal remodeling is involved in the orchestration of cellular processes enabling the progression of metastasis. Thus, the identification of molecular mechanisms underlying cytoskeletal changes that promote invasion and metastasis holds great promise for the development of new targeted therapies in aggressive cancers.

Based on in vitro models, the past decade has witnessed significant advances in the understanding of structural and functional properties of invadosomes ([@B56]), including podosomes and invadopodia. These actin-based membrane protrusions facilitate, under specific physiological (podosomes) or pathological (invadopodia) conditions, cell invasion through tissues ([@B56]; [@B66]; [@B11]). Although increasing evidence links the presence of such structures with progression of developmental ([@B85]; [@B59]) and pathological processes ([@B36]; [@B52]; [@B92]), there remain significant challenges in determining the molecular underpinnings of invadosome biogenesis and their functional significance. Noticeably, the formation and function of invadopodia in cancer cells appears highly dependent on the activities of core molecular components including the Rho GTPases ([@B67]; [@B101]; [@B18]; [@B44]; [@B75]), the nucleation promoting factor neuronal Wiskott-Aldrich syndrome protein (N-WASp) ([@B101]; [@B36]), the scaffolding protein Tks5 ([@B91]; [@B96]; [@B93]; [@B52]), and the membrane-type matrix metalloproteinase MMP14 ([@B7]; [@B95]). Although core invadopodial components are recruited in response to the engagement of cell surface receptors by growth factors ([@B101]; [@B74]) and extracellular matrix fibrils ([@B64]; [@B30]; [@B5]), how extracellular cues are integrated to provide spatiotemporal coordination of the invadopodial molecular machinery remains poorly understood.

The family of noncatalytic region of tyrosine kinase (Nck) adaptors ([@B26]), comprising the paralogues Nck1/α and Nck2/β (herein Nck), is involved in the propagation of extracellular signals that induce tyrosine phosphorylation ([@B55]). By virtue of its modular architecture, consisting of three N-terminal Src homology (SH) 3 domains and one C-terminal SH2 domain, Nck contributes to the organization of molecular ensembles that modulate the actin cytoskeleton ([@B54]; [@B19]). Initially linked to pathogen-induced actin polymerization ([@B33]; [@B38]; [@B20]), the role of Nck in regulation of actin dynamics in various cellular processes, including cell locomotion ([@B79]; [@B23]), was subsequently established. We, among others, demonstrated that Nck promotes localized actin polymerization through robust activation of N-WASp ([@B80], [@B81]; [@B29]). Although previous studies implicated Nck in actin polymerization during invadopodia formation and extracellular matrix (ECM) degradation ([@B96]; [@B71]), the functional significance of Nck in tumor progression and metastasis and the underlying molecular mechanisms have not been elucidated. Here we show that Nck promotes primary tumor growth and progression to metastatic disease by directing the polarized interaction of breast carcinoma cells with collagen fibrils, thus enabling efficient three-dimensional (3D) migration. In addition, our results indicate that Nck regulates actin dynamics and enhances the localization and activity of MMP14 at the cell surface through a mechanism that involves modulation of the spatiotemporal activation of cell division control protein homologue 42 (Cdc42) and transforming protein RhoA (RhoA).

RESULTS
=======

Nck silencing reduces growth and invasiveness of breast carcinoma cells **in vitro**
------------------------------------------------------------------------------------

We used the triple-negative human breast carcinoma cell line MDA-MB-231 that is known to express both Nck1 and Nck2 ([@B71]; [@B49]) (Supplemental Figure 1A). To begin to test the role of Nck in mammary carcinoma growth and invasion, cellular levels of Nck 1 and Nck2 were reduced by transfection of specific siRNA oligonucleotides. Because MMP14 is required for cancer cell invasion ([@B83]), we used MMP14 silencing as an additional control. The efficacy of small interference RNA (siRNA) and short hairpin RNA (shRNA) reagents in the silencing of target proteins was confirmed by Western blotting ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure 1). The cellular levels of target proteins were reduced by 70--90% following silencing with either siRNAs or shRNAs (Supplemental Figure 1, B and C). Importantly, Nck silencing did not change the total cellular levels of MMP14 and, conversely, MMP14 silencing did not alter the total cellular levels of Nck. We performed Western blotting using an anti--pan-Nck antibody to confirm the specificity of siRNA reagents in cells expressing EYFP-Nck1 or mCherry-Nck2 fusion proteins (Supplemental Figure 1, D and E). In addition, functional experiments including reexpression of siRNA-resistant Nck in Nck-silenced cells (rescue approach) argue for the specificity of siRNA reagents (Supplemental Figure 2). The specificity of shRNA reagents was previously validated in our laboratory ([@B23]).

![Nck silencing decreases mammary carcinoma cell invasion. Small interfering (si) RNA or short hairpin (sh) RNA was used, respectively, for transient or stable target protein silencing in MDA-MB-231 breast carcinoma cells. (A) Representative Western blots showing efficacy of target protein silencing. GAPDH levels were used as loading control. (B) Individual cell invasion expressed as percentage invasion (invaded cells/migrated cells × 100). Cells were subjected to migration or invasion assays using BD BioCoat Invasion Chambers in the presence of 10 ng/ml EGF used as a chemoattractant (*n* = 3 independent experiments). To assess migration, cells were seeded on uncoated control inserts and allowed to migrate for 5 h. To assess invasion, cells were seeded on growth factor--reduced coated inserts and allowed to invade for 18 h. (C) Representative images of spheroids at day 0 (left insets) and day 3 in a laminin-rich matrix. (D) Representative images of spheroids at day 0 (left insets) and day 1 of invasion in fibrillar collagen I matrices. Boxed areas were magnified to show morphology of invading cells (right insets). In C and D, scale bar equals 500 μm. (E) Box-and-whisker plots showing invasion distance (day 3) in a laminin-rich matrix (siScr, *n* = 21; siMMP14, *n* = 20; siNck, *n* = 18). (F) Box-and-whisker plots showing invasion distance (day 1) in fibrillar collagen I (shScr, *n* = 9; shMMP14, *n* = 7; shNck, *n* = 9). To determine invasion distance, the extreme diameter of each spheroid was measured using FIJI at four different angles and the average diameter calculated. The average diameter for time zero was the subtracted from each time point to determine the average invasion distance. Panels B, E, and F summarize data from at least three independent experiments. (G) Spheroid growth represented as total spheroid area during days 0--5 of spheroid formation (*n* = 2, three spheroids/condition/experiment). \**p* \< 0.05.](3500fig1){#F1}

Although a role for Nck1 in matrix proteolysis and serum-stimulated invasion of breast carcinoma cells was previously reported ([@B71]), the potential contribution of Nck2 was not investigated. Of note, MDA-MB-231 cells display abundant expression of Nck2 protein ([@B71]; [@B49]) (Supplemental Figure 1A). We chose to determine the effects of the combined depletion of Nck1 and Nck2, rather than their independent contribution, because Nck1 and Nck2 share ∼68% amino acid sequence identity, and their functions are regarded as highly overlapping. Indeed, whereas simultaneous inactivation of Nck (both Nck1 and Nck2) leads to embryonic lethality, mice with inactivation of single Nck genes (either Nck1 or Nck2) are viable and do not exhibit an overt phenotype ([@B14]; [@B43]; [@B27]). In addition, the binding specificities of Nck1 versus Nck2 SH2 domains were found to be essentially indistinguishable ([@B31]), a finding that further supports the notion of functional overlap between Nck1 and Nck2. To test the role of Nck (both Nck1 and Nck2) in epidermal growth factor (EGF)-stimulated proteolytic invasion, we determined invasion potential taking into account changes in cell migration. The invasiveness of individual cells in a laminin-rich matrix was assessed using BD BioCoat Invasion Chambers. Invasion was significantly decreased (*p* \< 0.05) when Nck or MMP14-silenced cells were compared with scramble (Src) controls ([Figure 1B](#F1){ref-type="fig"}). We then tested the invasive potential of multicellular tumor spheroids (MTS) embedded in a 3D laminin-rich matrix. Transiently silencing Nck, but not MMP14, resulted in significantly reduced (*p* \< 0.05) invasion as early as 1 day after the MTS were embedded in the matrix and that difference persisted throughout the experimental period ([Figure 1, C and E](#F1){ref-type="fig"}, and Supplemental Figure 3). We also tested MTS invasion in type I fibrillar collagen, a major extracellular matrix constituent ([@B61]; [@B63]) known to play an important role in mammary gland development and tumor progression ([@B87]). We found that silencing Nck or MMP14 resulted in significantly reduced (*p* \< 0.05) invasion in fibrillar collagen I ([Figure 1, D and F](#F1){ref-type="fig"}). In addition to invasiveness, we also determined the role of Nck in the growth of MTS by analyzing the change in spheroid area. Nck silencing resulted in significantly smaller (*p* \< 0.05) spheroids when compared with shScr and untreated parental MDA-MB-231 cells ([Figure 1G](#F1){ref-type="fig"}, and Supplemental Figure 4). Collectively, these results suggest that Nck adaptors are required for invasion in three-dimensional laminin-rich and collagen I matrices that are typically enriched in basement membranes and connective tissue, respectively.

Coordinated tumor cell--matrix interactions are disrupted by Nck silencing
--------------------------------------------------------------------------

We speculated that the reduced MTS invasion resulting from Nck silencing ([Figure 1, C--F](#F1){ref-type="fig"}) was due, at least in part, to suboptimal interactions of breast carcinoma cells with the matrix in 3D microenvironments. Using high-resolution two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) microscopy ([@B8], [@B9]) to image F-actin and collagen, respectively, we were able to qualitatively and quantitatively examine the role of Nck in coordinating cell--matrix interactions. To this end, we imaged collagen I gel-embedded MTS of MDA-MB-231 cells that were allowed to invade for 3 d. Consistent with results of invasion distance in collagen determined for populations of MTS ([Figure 1, D and F](#F1){ref-type="fig"}), analysis of images collected at various distances from the spheroid showed that cells expressing shNck did not invade as far into the collagen matrix as cells expressing shScr ([Figure 2A](#F2){ref-type="fig"}). We also observed that colocalized F-actin and collagen signal, indicating areas of cell-matrix interaction, had a distribution that reflected the direction of cell migration in control (shScr) but not shNck-expressing (shNck) cells. Indeed, the colocalized signal distributed predominantly at the "front" of the migrating control cells ([Figure 2B](#F2){ref-type="fig"}). This coordinated distribution, however, appeared disrupted in shNck cells. A difference in the distribution was readily apparent in xy as well as xz and yz optical sections. To quantify such a difference, we thresholded the F-actin and collagen images and took their intersection to create a binary mask where F-actin and collagen were colocalized. We then measured the angular distribution of this interaction mask with *θ* = 0 taken to be the direction of the long axis of the cell pointed away from the spheroid. The results, presented in both polar and rectangular plots in [Figure 2C](#F2){ref-type="fig"}, show that the interaction is heavily weighted toward the front in the shScr control but not in shNck cells.

![Nck depletion disrupts directional cell--matrix interactions. Spheroids of MDA-MB-231 cells expressing short hairpin (sh) RNAs encoding nontargeting sequences (shScr) or sequences targeting Nck (shNck) embedded in collagen I matrices were imaged using high-resolution two-photon excited fluorescence (TPEF) and second harmonic generation (SHG) microscopy. (A) Representative images of MDA-MB-231 cells fixed and stained for F-actin with fluorescent phalloidin (TPEF, red) during invasion in collagen I (SHG, green). Scale bar represents 50 μm. (B) Representative optical sections of cell--matrix interactions, represented by the colocalization between F-actin and collagen I, showing overlapping signals (yellow, arrowhead) predominantly in the leading edge of the cells expressing shScr but not in cells expressing shNck. Colocalized signal was converted into a binary interaction mask for further processing with theta (θ) equal to zero, corresponding to the direction of the long axis of the cell pointing away from the spheroid. Scale bar represents 10 μm. (C) Rectangular and polar plots of the angular distribution of the interaction masks showing polarization of cell--matrix interactions in cells expressing shScr. The polarized interaction is disrupted in cells expressing shNck, suggesting Nck helps coordinate the polarity of cell--matrix interactions required for efficient invasion. (D) The polarity of cell--matrix interactions was measured by an independent method comparing the displacement between the nucleus center and center of mass of the interaction mask treating each pixel in the mask as a unit mass. The center-of-mass displacement (CoM) refers to the displacement of the center of mass of the interaction mask (assuming a unit mass per pixel) from the centroid of an ideal mask with no angular inhomogeneity. In the case that the interaction mask was completely radially symmetric, the CoM displacement would be zero, while in the case that the interaction mask was radially asymmetric, the CoM displacement would be nonzero. This analysis also shows that cell--matrix interactions are more directed in cells expressing shScr compared with shNck. \*\*\**p* \< 0.001. (E, F) Scatter plots of CoM displacement vs. orientation angle, where an angle of zero corresponds to the direction of the normal vector of the spheroid, and aspect ratio (length/width) showing that cells expressing shNck are similarly aligned and stretched to cells expressing shScr but yet not properly polarized. Legends display interaction masks from data points replaced by an asterisk. Results shown summarize data from four assays in two independent experiments.](3500fig2){#F2}

We also analyzed the degree of polarization of cell--matrix interactions using a complementary approach, that is, determination of the center-of-mass (CoM) displacement. This measurement refers to the displacement of the center of mass of the interaction mask (assuming a unit mass per pixel) from the centroid of an ideal mask with no angular inhomogeneity. If the interaction mask was completely radially symmetric, then the CoM displacement would be zero, while if the interaction mask was radially asymmetric, then the CoM displacement would be nonzero. In agreement with results from angular distribution, the data show that the CoM displacement was significantly greater (*p* \< 0.001) for the shScr cells compared with shNck cells in the spheroid assays ([Figure 2D](#F2){ref-type="fig"}).

To gain additional insights into the relationship between the degree of polarization of cell--matrix interactions and cell orientation or cell morphology, we analyzed the distribution of the center-of-mass displacement as a function of the migration angle (measured relative to a normal vector pointing out from the spheroid) or the aspect ratio of the cells. These measures were not significantly different between shScr and shNck cultures, as reflected by the scatter plots of the CoM displacement versus migration angle ([Figure 2E](#F2){ref-type="fig"}) or aspect ratio ([Figure 2F](#F2){ref-type="fig"}). Collectively, these findings suggest that, although seemingly dispensable for cell orientation and elongation, Nck is required for the proper polarization of cell--matrix interactions for efficient migration in 3D microenvironments.

Ablation of Nck reduces primary tumor growth, extravasation, and metastasis
---------------------------------------------------------------------------

The above results showing that abrogation of Nck signaling decreases invasiveness of breast carcinoma cells in vitro led us to test the role of Nck in tumorigenesis and metastasis. Breast carcinoma cells stably expressing nontargeting or Nck-targeting shRNAs were injected bilaterally into the flanks of nude mice and tumor formation was monitored over 9 wk. No differences were observed in primary tumor initiation. All mice developed primary tumors and macroscopically detectable tumors formed in 13/14 shScr and 12/14 shNck injection sites. The size of visible tumors ([Figure 3A](#F3){ref-type="fig"}), measured with calipers at weekly intervals, was reduced as a result of Nck silencing. Indeed, tumors derived from Nck silenced (shNck) versus control (shScr) cells displayed slower growth rates (*p* \< 0.05) from the sixth week postinjection until the termination of the experiment ([Figure 3B](#F3){ref-type="fig"}). In addition, the difference in tumor mass ([Figure 3C](#F3){ref-type="fig"}), determined following dissection at killing (week 9), approached statistical significance (shScr vs. shNck, *p* = 0.071). Histological examination of H&E preparations revealed that shScr tumors infiltrated the surrounding tissues to a greater extent and appear more vascularized, as evidenced by the readily distinguishable capillaries filled with red blood cells, when compared with shNck tumors (unpublished data). To confirm this notion, we performed immunohistochemistry with an antibody against Factor VIII--related antigen (von Willebrand factor), a useful marker for endothelial cells. Histological examination and quantitative image analysis showed significantly increased (*p* \< 0.05) angiogenesis in primary tumors derived from shScr control versus Nck-silenced cells ([Figure 3, D and E](#F3){ref-type="fig"}).

![Silencing of Nck reduces growth and vascularization of primary tumors and lung metastasis. Six- to 9-wk-old nude mice (NU/J) received subcutaneous, bilateral flank injections of MDA-MB-231 cells expressing short hairpin (sh) RNAs encoding nontargeting sequences (shScr) or sequences targeting Nck (shNck). (A) Representative images of mice bearing subcutaneous tumors induced by shScr and shNck cells at 8 wk postinjection. Notice the more vascularized aspect of shScr tumors. (B) Tumor volume (mean ± SEM) determined at weekly intervals. \**p* \< 0.05. (C) Tumor mass (mean ± SEM) determined after dissection at killing 9 wk postinjection. (D) Representative images of tumor sections subjected to immunohistochemistry with an anti--Factor VIII antibody (highlighted by circles in shScr tissue) to detect neovas­cularization. (E) Quantification of Factor VIII--positive areas (*n* = 10 fields/condition) was performed using FIJI. (F) Representative images of H&E (top) and vimentin immunohistochemistry (bottom) of lung sections showing the presence of micrometastases in animals injected with shScr but not shNck cells. (G) Proportion of animals with lung metastases as determined by qPCR amplification of human GAPDH. Positive samples were determined based on a greater than sixfold increase in human GAPDH expression level in the lungs. (H) Examples of lymph node (H&E staining) and lung (vimentin immunohistochemistry) micrometastases present in animals injected with shScr carcinoma cells. In D, F, and H scale bar represents 100 μm.](3500fig3){#F3}

Lung samples were processed and subjected to real-time PCR to detect expression of human GAPDH, which was used as an indicator of the presence of human cells in the mouse tissue ([@B103]). We confirmed the specificity of the probes used in this study by testing them against cDNAs from human breast cancer cells and mouse tissue. A conservative threshold of sixfold was selected to minimize false-positive detection when using a single reference gene ([@B48]). Quantitation of human GAPDH fold change approached significance (*p* = 0.0552, unpublished data), an indicator strongly suggesting decreased lung metastases in the Nck silenced (shNck) compared with the scrambled (shScr) population. More importantly, four of seven and zero of seven mice injected with shScr and shNck cells, respectively, had a greater than sixfold increase in expression of human GAPDH in the lung tissue ([Figure 3G](#F3){ref-type="fig"}). Histological examination of H&E stained sections revealed micrometastases in lungs from animals injected with shScr but not shNck cells ([Figure 3F](#F3){ref-type="fig"}, top panel). We confirmed these observations by immunostaining lung tissues with an antibody recognizing vimentin ([Figure 3, F and H](#F3){ref-type="fig"}, bottom panels), an intermediate filament highly expressed in various cancers that correlates with poor prognosis ([@B86]). Interestingly, occasional metastases were also observed in local lymph nodes of animals bearing shScr but not shNck xenografts ([Figure 4H](#F4){ref-type="fig"}, top panel).

![Nck is required for breast carcinoma cell extravasation. Eight-week-old nude mice (*n* = 5/treatment) were injected, via the tail vein, with fluorescently labeled control (shScr) or Nck-silenced (shNck) breast carcinoma cells (5 × 10^5^ cells/animal). Mice were killed 36 h after injections and lungs harvested for histological processing. (A) Representative confocal images of lung sections stained with FITC-Isolectin-B4 (endothelial cell marker) to visualize the vasculature (green, arrowhead). The presence of fluorescently labeled carcinoma cells (magenta) in the extravascular compartment is indicated (arrow). Boxed regions in top panels are shown at higher magnification in bottom panels. (B) Quantification (mean ± SD) of breast carcinoma cells or clusters (foci) of cells in the extravascular compartment. Totals of 82 and 70 fields from control shScr and shNck lungs (*n* = 5/group) were evaluated by confocal microscopy, \**p* \< 0.01. (C) Proportion of lungs and optical fields with presence of fluorescently labeled breast carcinoma cells. \**p* \< 0.0001.](3500fig4){#F4}

We considered the possibility that decreased metastasis resulting from Nck silencing in the xenograft model could be related to the smaller size and/or decreased angiogenesis of the corresponding primary tumors. To rule out such possibility, we performed an extravasation assay by directly injecting fluorescently labeled control (shScr) or Nck-silenced (shNck) human breast carcinoma cells into the tail vein of female nude mice. Animals were killed 36 h after injections and lungs harvested for histological processing and microscopic assessment. Consistent with the notion that Nck is required for breast carcinoma cell invasion in vivo, the results show increased extravasation potential of shScr control versus shNck cells ([Figure 4, A and B](#F4){ref-type="fig"}). Indeed, lungs harvested from animals injected with shScr control cells displayed increased an (*p* \< 0.05) number of cells/foci per field than those from animals injected with shNck cells. In addition, extravasation was detected in a higher proportion of lungs and microscopic fields in mice injected with shScr versus shNck cells ([Figure 4C](#F4){ref-type="fig"}). Taken together, these results demonstrate that Nck expression promotes metastasis of breast carcinoma cells.

Loss of Nck reduces matrix degradation and alters invadopodia dynamics
----------------------------------------------------------------------

In light of the above results, we hypothesized that Nck depletion reduces mammary carcinoma cell invasiveness by altering the activity of matrix metalloproteinases (MMPs) at the membrane. To test this hypothesis, we employed an assay that enables the quantitative analysis of functional and structural features of invadopodia ([Figure 5A](#F5){ref-type="fig"}), actin-based organelles formed by tumor cells that are involved in localized remodeling of the extracellular matrix ([@B7], [@B6]). Colocalization of F-actin and cortactin has been used previously to identify bona fide invadopodia ([@B7]). Therefore, our analysis identifies invadopodia as colocalization of F-actin and cortactin, whereas actin puncta are defined as focalized F-actin accumulation without cortactin ([Figure 5B](#F5){ref-type="fig"}).

![Nck regulates key cellular mechanisms during invasion of breast carcinoma. (A) Cartoon representing the working hypothesis that Nck-dependent actin remodeling mediates the targeted delivery of matrix metalloproteinases (MMPs) to enable focalized matrix degradation. (B) Distinction between actin puncta and invadopodia. A region of interest at the ventral surface of a cell containing both structures is shown. Invadopodia were defined as actin puncta that colocalized with cortactin (CTTN). Scale bar equals 1 µm. (C) Representative confocal images of MDA-MB-231 cells transfected with small interference (si) RNA oligonucleotides encoding nontargeting sequences (siScr) or sequences targeting MMP14 (siMMP14) or Nck (siNck). Cells were plated on fluorescent gelatin-coated coverslips and incubated for 6 h before fixation and labeling for F-actin (Actin) and the invadopodia marker CTTN. Boxed areas were magnified and single channels/merge images in the XY planes are displayed. Scale bar 10 μm. (D) Percentage (mean ± SD) of cells actively degrading gelatin. A minimum of 99 cells/condition were analyzed. (E) Degradation index calculated as degradation area per active cell/cell area (siScr-n = 56, siMMP14-n = 13, siNck-n = 36). (F) Area occupied by invadopodia. (G) Distribution of cells in the population as a function of invadopodia number/cell. (H) Number of actin puncta/cell. (I) Distribution of cells in the population as a function of number of puncta/cell. Panels F--I summarize data extracted from a minimum of 30 cells/condition and a range of 313--715 invadopodia/actin puncta. \**p* \< 0.05, \*\*\**p* \< 0.001.](3500fig5){#F5}

Since gelatin degradation requires the focalized activity of MMPs at invadopodia, we first determined whether Nck modulates the gelatin degrading capacity of MDA-MB-231. We found that Nck as well as MMP14 silencing significantly decreased (*p* \< 0.05) the percentage of actively degrading cells when compared with siScr ([Figure 5, C and D](#F5){ref-type="fig"}). In addition, the degradation index differed significantly (*p* \< 0.05) among subsets of cells actively degrading the matrix; siScr, siNck, and siMMP14 resulted in high, moderate, and low levels of fluorescent gelatin degradation, respectively ([Figure 5E](#F5){ref-type="fig"}). These findings suggest that reduced matrix remodeling resulting from Nck silencing is due, at least in part, to decreased accumulation/activity of MMPs at discrete sites on the cell surface.

Features of actin-based structures at the ventral surface were also compared among cell populations. The results show that silencing of Nck or MMP14 significantly decreased (*p* \< 0.05) the size and number of invadopodia ([Figure 5, F and G](#F5){ref-type="fig"}) and number of actin puncta per cell ([Figure 5, H and I](#F5){ref-type="fig"}). In both Nck- and MMP14-silenced populations, invadopodia were ∼20--25% smaller than in the scrambled control population. In addition, the distribution of cells according to the number of actin puncta or invadopodia identified per cell was altered in Nck- and MMP14-silenced populations when compared with the scrambled control. Remarkably, only 10--20% of the Nck- or MMP14-silenced but 40--70% of siScr population had greater than 20 invadopodia/cell ([Figure 5G](#F5){ref-type="fig"}) or greater than two actin puncta/cell ([Figure 5I](#F5){ref-type="fig"}). Superresolution imaging showed the presence of actin cometlike structures, particularly prominent in control cells, associated with invadopodia (Supplemental Movie 1). Whereas cortactin was enriched at the tips of these structures in both control and Nck-silenced cells, the accumulation of F-actin was decreased in Nck-silenced versus control cells. In sum, Nck silencing-induced reduction in invasive capacity of breast carcinoma cells is associated with impaired invadopodia dynamics and matrix degradation, presumably, through a decrease in the focalized delivery/activation of MMPs.

Nck regulates the focalized, ventral localization but not bulk membrane levels of MMP14
---------------------------------------------------------------------------------------

We hypothesized that Nck regulates the partitioning of MMP14 between surface exposed and internal pools. To test this prediction, cells were plated on poly-[l]{.smallcaps}-lysine-coated glass and subsequently fixed, but not permeabilized, and subjected to immunostaining using an antibody that recognizes the extracellular, catalytic domain of MMP14. This approach enabled the detection of the endogenous, surface exposed MMP14. Compared to control cells transfected with nontargeting siRNA (siScr), silencing of MMP14 significantly decreased (*p* \< 0.05) the levels of surface exposed MMP14. However, Nck silencing did not affect the bulk levels of MMP14 at the cell surface (Supplemental Figure 5). Similar findings were obtained when the plasma membrane levels of MMP14 were analyzed by flow cytometry (unpublished data). Therefore, results from these experiments suggest that, at least under steady conditions, the pool of MMP14 exposed to the cell surface is not dependent on Nck signaling. To determine whether loss of Nck altered the localization of MMP14 specifically at the ventral cell surface, we performed time-lapse total internal reflection fluorescence (TIRF) imaging of MDA-MB-231 breast carcinoma cells coexpressing Lifeact EYFP, an F-actin probe ([@B78]), and mCherry-tagged MMP14 ([@B95]). Inspection of time-lapse series suggested that silencing of Nck decreased the number of MMP14-containing vesicles being delivered to the ventral surface ([Figure 6A](#F6){ref-type="fig"} and Supplemental Movie 2). To quantify the fraction of mCherry-MMP14 exposed to the ventral surface over time, we calculated a displacement index ([Figure 5B](#F5){ref-type="fig"}) following methods previously described ([@B21]). We determined that silencing of Nck resulted in a greater than 60% decrease (*p* \< 0.01) in MMP14 mobility at the ventral cell surface ([Figure 6B](#F6){ref-type="fig"}). To rule out potential artifacts resulting from ectopic expression of MMP14, we also performed immunostaining of endogenous MMP14 in cells plated on fluorescent gelatin ([Figure 6C](#F6){ref-type="fig"}). Analysis of confocal sections of the ventral cell surface revealed a significant reduction (*p* \< 0.05) in MMP14 signal in the most ventral focal planes encompassing the cell membrane and membrane proximal areas ([Figure 6D](#F6){ref-type="fig"}) although the total cellular levels of MMP14 remained unchanged ([Figure 6E](#F6){ref-type="fig"}). These observations suggested that interference with Nck signaling reduces the accumulation of MMP14 at the ventral cell surface; however, the thin layer of gelatin used in the assay limits the extension of invadopodia. Thus, to gain additional insights into the modulation of MMP14 targeting directly to invadopodia by Nck, we used a previously described chemoinvasion assay ([@B89]) that relies on filters containing 11-µm-long × 1-µm-diameter vertical channels that allow invadopodia elongation ([Figure 6F](#F6){ref-type="fig"}). MDA-MB-231 breast carcinoma cells stably expressing mCherry-MMP14 were seeded on matrix-coated filters, allowed to form invadopodia overnight, fixed, and subjected to confocal imaging. Remarkably, the accumulation of mCherry-MMP14 at the various confocal planes of z-stacks encompassing the long invadopodia was significantly decreased (*p* \< 0.05) in Nck-silenced versus control scrambled cells, and, as expected, the mCherry-MMP14 signal was minimal in MMP14-silenced cells ([Figure 6, F and G](#F6){ref-type="fig"}). Collectively, these results support the notion that Nck regulates the polarized, ventral cell surface accumulation of MMP14 and, distinctively, its targeting to invadopodia.

![Nck depletion decreases the ventral surface mobility and accumulation of MMP14 in breast carcinoma cells. (A) Representative TIRF images taken from time-lapse series of MDA-MB-231 cells expressing mCherry-MMP14. Images are presented using an intensity modulated display to associate intensity (surface localization) with color and hue (red = high activity; blue = low activity). (B) Displacement index calculation and bar graph depicting MMP14 displacement index (mean ± SEM). The displacement index, an estimate of MMP14 mobility ([@B21]), was calculated as the total area of MMP14 over the entire time-lapse (Σ A1-101) divided by the area of MMP14 in the initial frame (A1) of the series. A total of 20 cells (time-lapse series) from three independent experiments were analyzed. (C) Cartoon representation of the confocal Z-plane imaging scheme (left) and representative images of MDA-MB-231cells (XY projections) and focal planes of the ventral surface (XZ projections). Cells were transiently transfected with small interference (si) RNA oligonucleotides encoding nontargeting sequences (siScr) or sequences targeting MMP14 (siMMP14) or Nck1 and Nck2 (siNck) were seeded on coverslips coated with fluorescent gelatin and immunolabeled with anti-MMP14 (MMP14) and fluorescent phalloidin (F-actin). (D) Bar graph depicting relative intensities (mean ± SEM, arbitrary units) of endogenous MMP14 at the various focal planes of the ventral surface (siScr-n = 81, siMMP14-n = 28, siNck-n = 52). (E) Bar graph showing relative intensities (mean ± SEM, arbitrary units) of total cellular MMP14 (sum of focal planes encompassing whole cell body). Results shown in A--E summarize data from three independent experiments. \**p* \< 0.05, \*\*\**p* \< 0.001. (F) Cartoon representation of the confocal Z-plane plane imaging scheme of invadopodia in chemoinvasion assay and representative Z-projections of elongated invadopodia. (G) Bar graph depicting relative intensities (mean ± SEM, arbitrary units) of mCherry-MMP14 at the various focal planes of elongated invadopodia. The data summarizes at least 70 invadopodia from images of 20 cells/condition obtained in two independent experiments. \*\**p* \< 0.001 siScr vs. siMMp14 or siNck, \**p* \< 0.01 siMMP14 vs. siNck. In A, B, C, and F, scale bar represents 10 µm.](3500fig6){#F6}

Nck regulates actin dynamics but not cortactin accumulation at invadopodia
--------------------------------------------------------------------------

To determine the ratio of actin to cortactin accumulation at invadopodia, we obtained z-stacks of confocal images from cells seeded on fluorescent gelatin and subjected to immunostaining of endogenous cortactin and F-actin labeling. We found a significant decrease (∼25%) in the ratio of F-actin to cortactin when Nck- and MMP14-silenced cells were compared with scrambled controls ([Figure 7, A and B](#F7){ref-type="fig"}). The implications of these findings are twofold: the recruitment of cortactin, an F-actin binding and invadopodial core protein, is likely to be Nck-independent and, on the other hand, actin dynamics at invadopodia is likely to be dependent on Nck signaling. These findings prompted us to perform analysis of actin dynamics at invadopodia using fluorescence recovery after photobleaching (FRAP) following protocols previously established in our group ([@B10]). FRAP allows the determination of the rate constant for actin diffusion into the local area of actin based structures ([Figure 7C](#F7){ref-type="fig"}). Using MDA-MB-231 cells expressing actin-EYFP, we determined that the rate of actin recovery at puncta was significantly decreased (*p* \< 0.05) in Nck-silenced cells relative to the scrambled controls ([Figure 7, D and E](#F7){ref-type="fig"}). In sum, these results suggest that abrogation of Nck signaling in breast carcinoma cells leads to accumulation of core invadopodial components at a suboptimal ratio and decreased invadopodial actin turnover.

![Nck regulates cortactin accumulation and actin dynamics at invadopodia. (A) Representative Z-projections of confocal stacks from the ventral surface of MDA-MB-231 cells seeded on fluorescent gelatin and stained for endogenous cortactin (CTTN) and F-actin. Invadopodia were defined as colocalization of F-actin clusters with cortactin. (B) Ratio of F-actin to cortactin area (mean ± SEM) at invadopodia. A minimum of 30 cells/condition and a range of 313--667 invadopodia were analyzed. (C) Representative confocal images of a cell expressing actin-EYFP (left image) and magnification of a region of interest (ROI, boxed area shown at higher magnification to the right) before and after photobleaching. Scale bar, 2 µm. The plot shows normalized prebleaching intensity and postbleaching recovery for ROIs from single cells. (D) Representative best fit curves showing normalized fluorescence recovery after photobleaching. Results shown are from a single experiment representative of data from three independent experiments. (E) Rate (mean ± SEM) of fluorescence recovery after photobleaching of actin-EYFP in regions of interest containing invadopodia. Data collected from a minimum of 30 images (3--15 puncta per image) from two culture dishes per experimental group. In panels B and E, results summarize data from three independent experiments. \*\*\**p* \< 0.001.](3500fig7){#F7}

Nck modulates the balance of Cdc42/RhoA activation and acts as an upstream regulator of RhoA-dependent, MMP14-mediated breast carcinoma cell invasion
-----------------------------------------------------------------------------------------------------------------------------------------------------

A number of studies have documented a critical role for Cdc42 signaling in tumorigenesis and metastasis ([@B3]). Although Cdc42 has been involved in regulation of invadopodia in cancer cells ([@B67]; [@B101]), how Nck modulates Cdc42 activity remains undetermined. We hypothesized that Nck promotes breast carcinoma cell motility and invasion by enhancing the activation of Cdc42. To test this hypothesis, we first determined spatiotemporal patterns of Cdc42 activation by time-lapse confocal imaging of the ventral surface of MDA-MB-231 cells expressing the Raichu Cdc42-FRET biosensor ([@B2]). Nck-silenced versus control cells showed, surprisingly, a significant increase (*p* \< 0.05) in the overall levels of active Cdc42 at the ventral cell surface ([Figure 8A](#F8){ref-type="fig"}). Interestingly, Nck-silenced cells appeared to undergo futile, fast cycles of membrane protrusion/retraction in multiple directions that coincided with increased Cdc42 activation (Supplemental Movie 3). In these cells, clusters of active Cdc42 puncta in the center of the ventral cell surface were also readily apparent. In contrast, control cells displayed slightly more persistent and oriented patterns of membrane protrusion/Cdc42 activation and decreased clustering of active Cdc42 puncta in the center of the ventral cell surface. Consistent with these results, we observed that the overall levels of endogenous Cdc42 activation, determined by affinity pull-down assays with immobilized Pak1 rac/Cdc42 (p21) binding domain (PBD) ([@B12]), were slightly greater than twofold in lysates from Nck-silenced versus controlled cells ([Figure 8B](#F8){ref-type="fig"}).

![Nck modulates the balance of Cdc42/RhoA activation and acts as an upstream regulator of RhoA-dependent, MMP14-mediated breast carcinoma cell invasion. (A) MDA-MB-231 cells expressing the Raichu Cdc42 FRET biosensor and either short hairpin (sh) RNAs encoding nontargeting sequences (shScr) or sequences targeting Nck (shNck) were plated on fibronectin in complete medium. Confocal time-lapse images of the ventral surface of the cells were acquired every minute for 30--60 min. The left panel shows representative FRET/CFP ratio images taken from time-lapse series. Images are presented using an intensity modulated display to associate intensity (activity) with color and hue (red = high activity; blue = low activity). Scale bar, 10 µm. The right panel shows quantitative analysis of FRET activity (mean ± SEM) in whole cells. FRET ratios were calculated for each cell in two to four fields (two to four cells per field) and every time interval (*n* = 642). Results shown summarize data from three independent experiments. \*\*\**p* \< 0.001. (B) Representative Western blots (left panel) showing GTP-loaded (active) Cdc42, total Cdc42, Nck, and GAPDH (loading control) levels in lysates from MDA-MB-231 stably expressing shRNAs encoding nontargeting (shScr) and Nck-targeting (shNck) sequences. Quantification of active Cdc42 is shown in the right panel. The intensity of bands corresponding to active Cdc42 (Cdc42^GTP^) was normalized to the intensity of the bands corresponding to total Cdc42 (Cdc42) and expressed as fold change relative to control shScr levels. Results summarize two independent experiments. \**p* \< 0.05. (C) Cells expressing the Raichu RhoA FRET probe were cultured in complete medium and imaged every minute for at least 30 min. The left panel shows representative FRET/CFP ratio images taken from time-lapse series. Scale bar, 10 µm. The right panel shows quantitative analysis of RhoA FRET activity (mean ± SEM) in whole cells. FRET ratios were collected for each cell and every time interval (*n* = 947). Results shown summarize data from two experiments. \*\*\**p* \< 0.001. (D) Representative Western blots (left panel) showing RhoA and GAPDH levels in samples from control (shScr) and Nck-silenced (shNck) cells left untreated or stimulated with EGF. The right panel shows quantification of active RhoA. Levels of active RhoA (RhoA^GTP^) in extracts from starved cells left untreated (0 min) or stimulated with EGF (5 and 10 min) were determined by ELISA and values normalized to levels of total RhoA quantified by Western blotting. Results summarize two independent experiments. \**p* \< 0.05. (E--G) MDA-MB-231 cells were transduced with viruses harboring vectors encoding (E) EGFP, (F) constitutively active EGFP-tagged RhoA^Q63A^ (RhoA-CA-EGFP), or (G) wild-type EGFP-tagged human Nck2 (hNck2-EGFP). The newly created stable cell lines were subsequently transfected with control, nontargeting siRNA oligonucleotides (siScr), or siRNA oligonucleotides targeting RhoA (siRhoA), MMP14 (siMMP14), or Nck (siNck) as indicated. Cells were subjected to overnight starvation before seeding onto 8-µm-pore filters precoated with a laminin-rich matrix (Matrigel). Cells were allowed to invade for 10 h toward bottom chambers of transwell invasion plates loaded with complete medium. Panels E--G display representative Western blots showing cellular levels of target proteins or GAPDH (loading control), representative wild field images of migrated cells and quantitative analysis of relative migration. Bar graphs represent mean ± SEM (*n* = 3). \**p* \< 0.05, \*\**p* \< 0.01.](3500fig8){#F8}

Because RhoA overexpression has been involved in neoplastic transformation of mammary epithelial cells ([@B106]) and is critical in breast cancer progression and invasion ([@B100]; [@B25]; [@B35]; [@B88]), we examined spatiotemporal patterns of RhoA activation using a previously described FRET biosensor ([@B68]; [@B2]). Time-lapse imaging of MDA-MD-231 cells expressing the Raichu RhoA FRET probe showed decreased overall RhoA activation associated with unproductive, multidirectional protrusive activity, and loss of front-back cell polarity and directional motility in Nck-silenced cells ([Figure 8C](#F8){ref-type="fig"} and Supplemental Movie 4). In contrast, control cells displayed robust activation of RhoA, particularly at the leading edge, and in dorsal ruffle- and invadosome-like structures. In addition, control cells were more motile and exhibited polarized organization and directional displacement (Supplemental Movie 4). Importantly, basal and EGF-stimulated levels of active RhoA (RhoA^GTP^) in cell extracts were significantly reduced (*p* \< 0.05) in Nck-depleted versus control cells ([Figure 8D](#F8){ref-type="fig"}). Thus, ablation of Nck leads to a shift in the balance of Rho GTPase activity distinguished by impaired RhoA and increased, spatially unrestricted Cdc42 activation.

Invasiveness of breast carcinoma cells is dependent on the activity of MMP14 at the cell surface ([@B65]; [@B17]; [@B104]; [@B82]; [@B62]). Thus, to further define the molecular mechanism linking Nck, RhoA activation, and MMP14 surface activity, we combined analysis of breast carcinoma cell invasion with signaling manipulation by protein silencing and expression of wild-type/mutant variants ([Figure 8, E--G](#F8){ref-type="fig"}). Silencing of Nck, RhoA, or MMP14 reduced invasiveness of MDA-MB-231 cells (enhanced green fluorescent protein \[EGFP\], control) to a similar extent ([Figure 8E](#F8){ref-type="fig"}), a finding suggesting the involvement of these proteins in a common pathway. To test the dependence of breast carcinoma cell invasion on Rho-A activation, we generated a cell line expressing moderate levels of an EGFP-tagged, constitutively active (CA, RhoA^Q63L^) RhoA ([Figure 8F](#F8){ref-type="fig"}). Silencing of MMP14, but not Nck, reduced significantly (*p* \< 0.05) the invasive capacity of MDA-MB-231 cells expressing RhoA-CA. These findings suggested that MMP14 is, indeed, a key downstream effector of RhoA-driven carcinoma cell invasion. On the basis of these results, we speculated that Nck may act as an upstream regulator of RhoA-dependent, MMP14-mediated carcinoma cell invasion. To test this prediction, cells stably expressing moderate levels of a EGFP-tagged, wild-type human Nck2 (hNck2-EGFP) were transfected with nontargeting siRNA oligonucleotides (siScr), or siRNA oligonucleotides targeting RhoA or MMP14. The results showed that Nck-driven carcinoma cell invasion is abrogated by depletion of RhoA or MMP14 ([Figure 8G](#F8){ref-type="fig"}). Taken together, these results suggest that Nck modulates the balance of Rho GTPase activation and supports an important role for Nck as an upstream regulator of RhoA-dependent, MMP14-mediated breast carcinoma cell invasion.

DISCUSSION
==========

This study uncovers an important role for Nck in breast carcinoma progression, extravasation, and metastasis and highlights a mechanism whereby Nck links actin dynamics and enhanced cell surface localization/activity of MMP14 by regulating the balance between RhoA and Cdc42 activation ([Figure 9](#F9){ref-type="fig"}). It is known that tumor cells rely on distinct signaling modules that specify adhesive, proteolytic, and protrusive functions to breach physical barriers during tissue invasion and metastasis ([@B32]; [@B76]). However, the identity of critical molecular players involved in the articulation of such programs has remained elusive. Here we provide evidence that Nck potentiates tumor cell invasion and metastasis by directing the polarized interaction of carcinoma cells with collagen fibrils, promoting actin turnover at invadopodia, and enhancing focalized proteolysis of the extracellular matrix. We propose that, by bridging core functions enabling tumor cell invasion and formation of metastases, Nck constitutes a potentially valuable therapeutic target in aggressive cancers.

![Role of Nck in malignant progression of breast cancer: a working model. Present findings and those from the available literature support an important role for Nck in the malignant progression of breast cancer by fostering primary tumor growth, extracellular matrix remodeling and invasion of carcinoma cells through a mechanism that involves an imbalance in Cdc42/RhoA activation and increased MMP14 activity. Nck also contributes to formation of metastases by enabling tumor cell extravasation and, presumably, promoting tumor cell homing and colonization.](3500fig9){#F9}

Unexpectedly, tumors derived from Nck silenced versus control cells displayed slower growth rates and reduced mass. Abrogation of Nck also reduced the growth of multicellular tumor spheroids in 3D laminin-rich matrices ([Figure 1G](#F1){ref-type="fig"}) and impaired the growth curve of MDA-MB-231 cells in long-term two-dimensional cultures (unpublished data). We speculate that Nck may contribute to regulation of tumor cell proliferation through modulation of Cdc42/aPKC activation ([@B24]). Of note, the polarity protein Par6, overexpressed in breast cancer cell lines and primary breast tumors, was shown to induce breast cancer cell proliferation through a mechanism involving Cdc42/aPKC ([@B70]). Our results also suggest impaired vascularization as a factor contributing to the slower growth rates of Nck-silenced versus control primary tumors. It is possible that Nck signaling in tumor cells contributes to the establishment of a reactive stroma through paracrine mediators. Thus, a potential role of Nck in expression of tumor cell-derived factors that modify the tumor microenvironment, including vascularization, warrants further investigation.

The present results suggest that the polarized interaction between tumor cells and extracellular matrix fibrils constitutes an important mechanism by which Nck regulates tissue invasion. These findings are consistent with previous observations of asymmetry in cell--matrix interactions and cytoskeletal organization consisting in bundles of aligned collagen fibers, prominent F-actin accumulation, and redistribution of β1 integrin toward the leading edge of migrating tumor cells ([@B40]). Collagen remodeling by mammary carcinoma cells leads to the thickening of fibrils and their alignment perpendicular to the tumor boundary ([@B105]). Such collagen arrangement enhances the migration efficiency of tumor cells by restricting protrusions along the aligned fibers and increasing directional persistence ([@B77]). Thus, it is possible that a similar mechanism underlies the more efficient migration of control versus Nck-silenced cells observed in the present study.

Recent findings highlight the significance of invadosomes in developmental ([@B85]; [@B59]) and pathological ([@B36]; [@B52]; [@B92]) processes. Our results showing that Nck promotes tumor cell extravasation and metastasis are consistent with previous studies that identified invadopodia as key subcellular structures involved in intravasation ([@B36]) and extravasation ([@B52]). We show here that Nck acts in the coordination of proteolytic and protrusive functions of invadopodia. Our FRAP data showing decreased actin turnover in Nck-silenced versus control cells suggest that invadopodia-associated Nck modulates the reciprocal regulation between N-WASp turnover and actin dynamics ([@B28]; [@B99]). In addition to a dendritic F-actin array polymerized by the Arp2/3 complex, invadopodia display bundles of linear actin filaments polymerized by the formin family of actin nucleators ([@B58]; [@B89]). Because Nck integrates dendritic and linear actin nucleation ([@B16]), we propose that Nck coordinates the molecular machineries directing the assembly of the complex actin network enabling the protrusive function of invadopodia.

It is well established that Rho GTPases play an important role in tumor progression and metastasis ([@B97]). Rho GTPases are regulated by ∼85 guanine exchange factors (GEFs) ([@B37]) and a slightly smaller number GTPase-activating proteins (GAPs) ([@B42]) whose aberrant expression is frequently linked to cancer ([@B98]). Of significance, we found that Nck contributes to the reciprocal regulation of Cdc42 and RhoA activation in breast carcinoma cells. Changes in the balance of Cdc42/RhoA activation have been shown to modulate invasiveness and the metastatic potential of cancer cells ([@B13]; [@B45]). Surprisingly, Nck depletion led to increased, spatiotemporally dysregulated Cdc42 activation and, conversely, decreased activation of RhoA. Our data suggest that Nck modulates the balance of Cdc42/RhoA activation by fine-tuning the rate of GTP loading/hydrolysis through the localized enrichment of regulatory factors ([Figure 9](#F9){ref-type="fig"}). For example, it is possible that Nck facilitates Cdc42-driven tumor cell invasion by damping its activity through the localized recruitment of a Cdc42-directed GTPase activating protein (GAP). Consistent with this notion, multiple activation/inactivation cycles of Rac at the cell front are necessary for the spatiotemporal regulation of protrusions and efficient directional migration ([@B72]). Similarly, Nck may modulate RhoA activation by directing, in space and time, the activity of a RhoA-directed GEF or, alternatively, stabilize RhoA in its active state by inhibiting/sequestering a RhoA-directed GAP. Thus, findings from this work provide the groundwork for the formulation of testable hypotheses and underscore the need for future studies to identify critical factors linking Nck signaling with Rho GTPase activation.

The intracellular trafficking of MMP14 is known to regulate invadopodia-associated matrix proteolysis ([@B73]; [@B34]); however, the molecular mechanisms underlying the surface targeting and delivery of MMP14 remain under active investigation ([@B57]; [@B22]). Here we provide evidence that Nck regulates the polarized delivery of MMP14 to the ventral cell surface and its accumulation at invadopodia through fine-tuning the balance between RhoA and Cdc42 activation. Interestingly, invadosome remodeling appears to be dictated by the balance between Cdc42 and RhoA activity ([@B45]). Key roles for Cdc42 and RhoA ([@B84]) as well as the downstream effector aPKC ([@B82]) in the trafficking of MMP14 to the cell surface and breast cancer progression have been identified. Importantly, our findings support a role for Nck as an upstream regulator of RhoA-dependent, MMP14-mediated breast carcinoma cell invasion. Thus, our results suggest that through the fine-tuning of Cdc42/RhoA activation, Nck contributes to invadopodia biogenesis (focalized actin assembly) and maturation (targeted delivery of MMP14). These results also stimulate new hypotheses and are likely to prompt new investigations on the role of Nck in direct regulation of the subcellular distribution/activity of GEF and/or GAPs controlling the activation of Rho GTPases. It should be noted, however, that type and dimensionality of the extracellular matrix could potentially influence the modulatory role of Nck in the activation of Cdc42/RhoA. Although evaluation of such factors through specific comparisons was beyond the scope of this work, context-dependent regulation of tumor cell invasion by Nck warrants further investigation.

In summary, we have identified an important role for Nck in breast carcinoma progression, extravasation, and metastasis (summarized in [Figure 9](#F9){ref-type="fig"}). Differential modulation of RhoA and Cdc42 activation appears as an important mechanism by which Nck directs cytoskeletal changes that enable polarized interaction of tumor cells with collagen fibrils and focalized extracellular proteolysis by increased cell surface accumulation of MMP14. Emerging technologies are enabling the targeting of protein--protein interactions ([@B60]), a largely untapped resource with vast potential for therapeutic intervention in cancer. Results from this study pave the way for the development of pharmacological agents that, by blocking Nck signaling, may prove effective in the treatment of aggressive cancers.

MATERIALS AND METHODS
=====================

Cell culture, reagents, and standard assays
-------------------------------------------

MDA-MB-231 (CRM-HTB-26) and 293T (CRL-3216) were purchased from the American Type Culture Collection (Manassas, VA). pSuper.puro/hygro carrying nontargeting (shScr) or targeting sequences (human Nck1 or Nck2; shNck) were previously described ([@B23]). RhoA(Q63L)-EGFP in MSCV vector has been previously described ([@B94]). Small interference RNA SmartPool siRNA reagents were purchased from Dharmacon (Lafayette, CO). We used previously described Raichu Cdc42 and RhoA Förster resonance energy transfer (FRET) probes ([@B2]) and pcDNA3.1 MT1-MMP mCherry ([@B84]). Recombinant hEGF and Matrigel were from BD Biosciences (San Jose, CA). Antibodies used include anti-Nck1/2 (Millipore, Billerica, MA; 06-288), anti-Nck2 (3313, kindly provided by Louise Larose, Montreal Diabetes Research Center) ([@B49]; [@B51]), anti-MMP14 (Millipore; MAB3328), anti-cortactin (Millipore \#05-180), anti-GAPDH (Invitrogen, Carlsbad, CA; 43700), goat anti-mouse immunoglobulin-G--horseradish peroxidase (IgG-HRP; Santa Cruz Biotechnology, Dallas, TX; sc-2055), goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology, sc-2030), Alexa Fluor 647 goat anti-mouse IgG (H + L; Life Technologies; A-21235). Other reagents included NucBlue Live ReadyProbes (Life Technologies, R37605) and Texas Red-X Phalloidin (Life Technologies; T7471).

Xenograft studies
-----------------

MDA-MB-231 cells (2 × 10^6^) were injected subcutaneously into the flanks of 6- to 9-wk-old female nude mice in 75% growth factor reduced matrigel (9.9 mg/ml). Tumors were measured weekly using calipers and volumes calculated as previously described ([@B15]). Xenograft tumors and mouse lungs were harvested, weighed, and snap-frozen in liquid nitrogen then stored at --80°C for DNA/RNA purification or fixed in 4% paraformaldehyde and paraffin embedded for immunohistochemistry. Animal procedures were approved by the Texas A&M Animal Care and Use Committee (AUP 2014-0194).

Extravasation assay
-------------------

Control shRNA or Nck-depleted (shNck) MDA-MB-231 breast carcinoma cells were fluorescently labeled with CellTracker Orange CMRA dye (Molecular Probes, Eugene, OR) before injection (5 × 10^5^ cells) into the tail vein of 8-wk-old female nude mice (*n* = 5/treatment). Animals were killed 36 h after receiving cell injections, and lungs were collected for histological processing. Paraffin embedded sections (4 µm thick) spaced every 50 µm of lung tissue were subjected to staining with fluorescein isothiocyanate (FITC)-Isolectin-B4 (Vector Laboratories, Burlingame, CA), en endothelial cell marker for visualization of the lung vasculature. At least five tissue sections/lung were examined using a Zeiss LSM780 confocal microscope equipped with a Plan-Apo 20X/0.8NA objective.

Three-dimensional assays
------------------------

Three-dimensional growth assays were performed using the manufacturer's protocol (Trevigen, Gaithersburg, MD). Three-dimensional Spheroid invasion assay in collagen I was adapted from manufacturer's literature (Trevigen/Corning) and previously described protocols ([@B4]; [@B39]). Briefly, MDA-MB-231 cells were subjected to spheroid formation in 3D culture qualified 96-well spheroid formation plate (Trevigen) in the presence of 10× spheroid formation matrix diluted to 1× in complete media. Formed spheroids were then embedded in 2 mg/ml acid-extracted type I rat-tail collagen polymerized at 37°C and allowed to invade in the presence of EGF (5 ng/ml) used as a chemoattractant in serum-reduced media (2% fetal bovine serum \[FBS\]).

Transwell invasion
------------------

Invasion was measured using control and Corning BioCoat (Corning, NY) inserts according to the manufacturer's protocol. MDA-MB-231 cells were starved overnight prior to seeding 50,000 cells in starvation media (0.2% FBS) in the upper chamber and allowed to migrate (5 h) or invade (18 h), toward starvation media with 10 ng/ml EGF in the lower chamber. Percentage invasion was calculated as described ([@B1]).

Imaging
-------

Spheroid invasion in type I collagen (rat-tail tendon 354236; BD Biosciences, San Jose, CA) gels were fixed, stained with Alexa Fluor 488-conjugated phalloidin (Thermo Fisher Scientific, Grand Island, NY), and imaged with a custom-built nonlinear optical microscope previously described ([@B50]). All images were processed and analyzed with custom Matlab (Mathworks, Natick, MA) routines. Maximum intensity projection images were generated for qualitative analysis. Two-dimensional images of raw photon counts from individual optical sections were used for quantitative analysis. Migrating cells that were not in close contact with other cells were analyzed. The center of each cell nucleus (or the centroid of the entire cell if the nucleus location was ambiguous) was marked from an overlay of the F-actin and collagen images. F-actin (TPEF) and collagen (SHG) images were then manually thresholded to create binary masks of each signal. The intersection of these masks represented areas of cell--matrix interaction and the angular distribution of the cell--matrix interaction was calculated by creating a grid of theta values centered on the nucleus, multiplying the grid with the interaction mask, and counting the number of pixels with each theta value. We also compared the location of the center of each cell nucleus to the calculated center of mass of the interaction mask (assuming a unit mass for each pixel). The distance between these two points (that would overlap perfectly if the cell--matrix interaction was distributed perfectly symmetrically around the cell nucleus) was called the CoM displacement. Aspect ratio (ratio of the long and short axis of the cell) and migration angle (relative to a unit vector normal to the spheroid outer surface) of cells were calculated from user-specified landmarks selected from the F-actin images.

FRAP was performed as previously described ([@B10]; [@B53]). Time-lapse series of MDA-MB-231 cells expressing the Raichu/Cdc42 or Raichu/RhoA single chain FRET probes were acquired every minute for 60 min using a Zeiss LSM780 confocal microscope equipped with a Plan-Apo 40X/1.40NA oil objective. For TIRF imaging, MDA-MB-231 cells transiently expressing pcDNA3.1 MT1-mCh were imaged on a Zeiss Axio Observer Z1 TIRF 3 microscope, equipped with a Plan-Apo 100X/1.46NA oil objective and Roper S/W PVCAM. Superresolution Structured Illumination Microscopy was performed using a Zeiss ELYRA S.1 superresolution microscope equipped with a Plan-Apo 63×/1.4oil objective.

Fluorescent gelatin degradation
-------------------------------

We used a previously described protocol for the fluorescent gelatin degradation assay ([@B6]). Briefly, acid-washed glass coverslips were coated with 0.2% gelatin labeled with Alexa Fluor 488 (Invitrogen, Eugene, OR). MDA-MB-231 cells (7.5 × 10^4^ in I ml of media) were seeded on gelatin-coated coverslips and incubated at 37° for 6 h. Cells were subsequently fixed, permeabilized and subjected to immunostaining with appropriate antibodies. Image acquisition was performed on an Olympus IX70 inverted microscope equipped with a 60× 1.4 NA objective and a Spot RT3 camera or, alternatively, a Zeiss Laser Scanning Microscope 780 equipped with a Plan-Apo 40× 1.4 NA oil objective. Images were processed using FIJI.

RNA isolation, reverse transcription, and quantitative PCR
----------------------------------------------------------

RNA isolation from tissues was performed using Direct-zol RNA MiniPrep with a TRI-Reagent kit (Zymo Research, Irvine, CA; R2052). From the isolated total RNA 2 µg was subjected to reverse transcription into cDNA using the manufacturer's protocol with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA; 170-8990). Quantitative PCR (qPCR) was performed as previously described ([@B90]) using primers for human glyceraldehyde 3-phosphate dehydrogenase (GAPDH; forward primer 5′-CCA GGT GGT CTC CTC TGA CTT C-3′; reverse primer 5′-CCA GGT GGT GAG GGC AAT G-3′. Mouse β-actin (forward primer 5′-GTT TGA GAC CTT CAA CAC CCC-3′; reverse primer 5′-GTG GCC ATC TCT TGC TCG AAG TC-3′) was used as a normalizing gene and data was analyzed by the ΔΔC~T~ method ([@B41]).

Active Cdc42 and RhoA
---------------------

GTP-loaded Cdc42 from cell extracts was enriched by pull down with immobilized PBD domains from Pak1 ([@B12]). GTP-loaded RhoA from cell extracts was determined by enzyme-linked immunosorbent assay (ELISA) (G-LISA; Cytoskeleton) following the vendor's protocol.

Statistical methods
-------------------

When comparing multiple groups with normal distributions ANOVA with a Tukey post-hoc was used. If data did not approximate a normal distribution, then a Mann-Whitney nonparametric analysis was performed or when applicable data was log transformed. Growth curves were analyzed using a general linear model to determine interaction between time and treatment, followed by a Tukey post-hoc analysis. For data depicted as a box-and-whisker plot the bottom and top of the boxes are the first and third quartile, respectively, whereas the band inside is the middle quartile (median). The ends of the whiskers extend to the lowest and highest values excluding outliers. The Grubbs outlier test was used to identify and remove outliers. Significant values where a specific *p*-value is not listed indicate *p* \< 0.05.
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Cdc42

:   cell division control protein homologue 42
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Nck
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N-WASp

:   neuronal Wiskott-Aldrich syndrome protein

RhoA

:   transforming protein RhoA.
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